Under pH 7-10 conditions, the mesoporous silica supports proposed for use in water treatment are relatively unstable. In batch experiments conducted in pH 7 solutions, the commonly used support SBA-15 dissolved quickly, releasing approximately 30 mg/L of dissolved silica after 2 h. In column experiments, more than 45% of an initial mass of 0.25 g SBA-15 dissolved within 2 days when a pH 8.5 solution flowed through the column. In a mixed iron oxide/SBA-15 system, the dissolution of SBA-15 changed the iron oxide reactivity toward H 2 O 2 decomposition, because dissolved silica deposited on iron oxide surface and changed its catalytic active sites. As with SBA-15, other mesoporous silica materials including HMS, MCM-41, four types of functionalized SBA-15, and two types of metal oxide-containing SBA-15 also dissolved under circumneutral pH solutions. The dissolution of mesoporous silica materials raises questions about their use under neutral and alkaline pH in aqueous solutions, because silica dissolution might compromise the behavior of the material.
Introduction
Owing to their high surface area and unique nano-porous structure, ordered mesoporous silica supports (e.g., SBA-15 and MCM-41) have been proposed for water remediation [1] . For example, functionalized mesoporous silica has been used as an adsorbent for toxic metals [2, 3] , anions [4, 5] , radionuclides [6] and various organic contaminants [7] [8] [9] [10] . Mesoporous silica catalysts impregnated with metal oxides, such as iron-, manganeseand copper-containing SBA-15, have also been used in hydrogen peroxide-based oxidative water treatment [11] [12] [13] . Many of these applications employ aqueous solutions at circumneutral pH values despite the fact that silica is relatively soluble under these conditions. Given the high surface area and poor crystalinity of these materials it is possible that they will dissolve rapidly in water. If so, the use of these materials in aqueous media needs to be carefully evaluated because the dissolution of functionalized mesoporous silica adsorbents could release adsorbed species and the organic functional compounds, many of which are toxic to aquatic life. Silica dissolution could also affect the long-term performance of the catalyst. Moreover, the presence of the dissolved silica species might lead to unexpected changes in the catalyst surface as silica interacts with catalytic active sites [14] .
Previous investigators have reported dissolved silica concentration in excess of 100 mg/L when mesoporous silica materials were suspended in solutions at pH values between 5 and 6 [15, 16] . Measurement of the dissolution of SiO 2(s) indicates that the mineral's solubility and dissolution rate are sensitive to pH, with higher solubility and faster dissolution observed in neutral and alkaline solutions [17] . To understand the stability of mesoporous silica supports, it is important to know the effect of pH on its dissolution rate. However, to the best of our knowledge, such information has not been reported. Here we have investigated the dissolution rate of three widely used types of mesoporous silica, namely SBA-15, HMS and MCM-41, in aqueous solutions at environmentally relevant pH values (pH 7-10). Recognizing the possibility that functionalized organic groups or precipitated oxides might significantly modify the aqueous solubility of silica [18] , the dissolution of SBA-15 functionalized with different organic compounds (i.e., propylthiol-, aminopropyl-, ethyldiaminopropyland diethylentriaminopropyl-) or SBA-15 that was coated with iron and aluminum oxide were also investigated. Because we observed the rapid release of dissolved silica in all cases, we also investigated how the presence of dissolved silica might change the catalytic activity of the iron oxide/SBA-15 system toward H 2 O 2 decomposition.
Experimental

Synthesis of mesoporous silica supports
SBA-15, HMS and MCM-41 were synthesized following procedures reported elsewhere [19] [20] [21] . Iron oxide-and aluminum oxide-containing SBA15 (SBA15-Fe-oxide and SBA15-Al-oxide) was synthesized following the procedure described by Gervasini et al. [22] . Briefly, 1 g of SBA-15 was suspended in a 120 mL solution of 1:1 water:propanol-1. The solution pH was kept at 10 with ammonium hydroxide and the temperature was maintained at 0 • C using an ice bath. Iron and aluminum precusor solutions, prepared by dissolving 0.015 mol of either ironacetylacetonate or aluminum-acetylacetonate in a 500 mL solution of 1:1 water:propanol-1, were gently dropped into the SBA-15 solution. The mixtures were then removed from the ice bath and vigorously stirred at room temperature. The solids were recovered by filtration, air dried at 100 • C for 24 h and calcined at 500 • C for 4 h. All solutions were prepared using 18 M Milli-Q water from a Millipore system. SBA-15 functionalized with propylthiol-, aminopropyl-, ethyldiaminopropyl-and diethylenetriaminopropyl-were synthesized following the procedure reported by Aguado et al. [23, 24] . Briefly, 4 g of triblock copolymer P123 was dissolved in a solution of 125 mL of 1.9 M HCl and the mixture was heated to 40 • C. Subsequently, 8.2 g tetraethyl orthosilicate was added and the mixture was vigorously stirred for 45 min, followed by the addition of 2 mmol of (3-mercaptopropyl)trimethoxysilane (for propylthiol-SBA15), 4.1 mmol 3-aminopropyltrimethoxysilane
The mixture was stirred for 20 h at 40 • C, then aged under static condition at 100 • C for 24 h. The functionalized-SBA15 was filtered and the P123 template was extracted by refluxing in ethanol for 24 h.
Characterization
The surface area of mesoporous silica supports was determined using the 5 point BET (Brunauer-Emmett-Teller) nitrogen physiadsorption method. The measurements were made in the linear part of the isotherm where the BET equation is valid, namely in the pressure range of 0.06 < p/p 0 < 0.2. The iron and aluminum content of SBA15-Fe-oxide and SBA15-Al-oxide were measured by dissolving the solids in concentrated HCl and measuring dissolved Fe and Al in the solution phase using an Inductively Coupled PlasmaOptical Emission Spectrometer (ICP-OES). The SBA15-Fe-oxide and SBA15-Al-oxide contained 9 wt.% of Fe and 4.7 wt.% of Al, respectively. The morphology of the solids was determined using a Philips CM200/FEG transmission electron microscope (TEM) at 200 kV and Zeiss Evo 10 scanning electron microscope (SEM) at 5 kV. X-ray diffraction (XRD) analysis was performed with Cu K␣ radiation using a Panalytical 2000 diffractometer.
Dissolution
Batch experiments. All experiments were carried out at 25 ± 1 • C in a 50 mL polypropylene flask open to the atmosphere. 50 mg of solid was added to 50 mL Milli-Q water and the suspension was vigorously stirred. The initial solution pH was adjusted using 1 M NaOH or 0.5 M H 2 SO 4 . Although sulfate can accelerate silica dissolution [25] , this effect is only important in the presence of significant amount of sulfate (e.g., 0.1 M SO 4 2− in Ref. [25] ). The maximum sulfate concentration in all of our experiments was approximately 50 M and, therefore, its effect on silica dissolution is likely minimal. Solutions with pH 7 were buffered with 1 mM of either piperazine-N,N -bis(ethanesulfonic acid) (PIPES), bicarbonate or phosphate. Preliminary results indicated that the dissolution of SBA-15 was not affected by buffer types (see Fig. S1 in Supporting Information). Therefore, PIPES was used in all subsequent experiments. The use of PIPES, an organic buffer that does not adsorb on iron oxide surface or forms complexes with dissolved iron [26] , allowed us to investigate the role of dissolved silica toward iron oxide reactivity (Section 3.5). Solutions with pH 8-9 were buffered by 4 mM borate, while solutions with an initial pH of 10 were unbuffered. Samples were withdrawn at pre-determined time intervals, filtered immediately through a 0.2 m nylon filter and analyzed for dissolved SiO 2 .
Column experiments with SBA-15. Experiments were conducted in 10 mm ID glass columns. No dissolution of the column glass wall was detected in the control experiment. 0.25 g SBA-15 was packed in the column and a pH 8.5 solution (buffered by 12 mM borate) was passed through the columns at a flow rate of 0.5 mL/min in a downward direction. The hydraulic retention time was ca. 0.4 min. A 0.45 m nylon filter was attached to the outlet of the column to prevent elution of the solid out of the column (0.45 m filter was used instead of 0.2 m filter to avoid high back-pressure in the column). The concentration of dissolved SiO 2 in the column effluent was continuously measured throughout the course of the experiment.
Reactivity of iron oxide/SBA15 toward H 2 O 2 decomposition
The effect of dissolution of SBA-15 on amorphous iron oxyhydroxide (Fe-ox (s) , Aldrich) reactivity toward catalytic decomposition of H 2 O 2 was investigated in both batch and column experiments. In batch experiments, the reactions were initiated by adding an aliquot of H 2 O 2 stock solution to a pH-adjusted solution containing 1 g/L SBA-15 and 1 g/L Fe-ox (s) . Samples were withdrawn at pre-determined time intervals and filtered immediately through a 0.2 m nylon filter and analyzed for dissolved SiO 2 and H 2 O 2 . In column experiments, Fe-ox (s) and SBA-15 were packed in the column in different configurations (Fig. 1) , and pH 8.5 solution containing 5 mM H 2 O 2 was passed through at a flow rate of 0.5 mL/min. The concentration of dissolved SiO 2 and H 2 O 2 in the solution at the outlet was measured at a predetermined time interval.
Analytical methods
H 2 O 2 was analyzed spectrophotometrically by the titanium sulfate method [27] . In the absence of H 2 O 2 , dissolved silica was measured either spectrophotometrically by the molybdosilicate method [28] or by ICP-OES. The molybdosilicate method only detects dissolved silica monomer and not other forms of silica (e.g., SiO 2 in polymer forms or nano-sized SiO 2 particles), while the method using ICP-OES detects all forms of silica, including the particulate silica that passed through the filter. Two methods gave similar results (i.e., [SiO 2 ] molydosilicate ∼95% [SiO 2 ] ICP-OES ), indicating that minimal particulate silica was able to pass through the filter. ICP-OES was used to measure dissolved silica in the presence of H 2 O 2 , as interference from H 2 O 2 precludes silica measurement by the molybdosilicate method. The deposition of SiO 2 on the Fe-ox (s) surface in column experiment was confirmed by using SEM with an EDAX Genesis energy dispersive X-ray unit (SEM-EDX).
To investigate the contribution of dissolved iron (leached from Fe-ox (s) ) toward H 2 O 2 decomposition, total dissolved iron was quantified using the 1,10-phenanthroline method [29] after adding hydroxylamine hydrochloride to the filtered samples. The concentration of dissolved iron was always below the detection limit (i.e., less than 5 M), indicating that the amount of H 2 O 2 decomposed by dissolved iron was negligible compared with that catalyzed by iron oxide surface.
All experiments were carried out at least in triplicate and average values along with one standard deviation are presented.
Results and discussion
Materials characterization
The BET surface area of the 9 mesoporous silica supports ranged from approximately 330 to 800 m 2 /g (Table 1) , and the measured C values of the BET equation were between 50 and 250. The TEM micrographs, reported in the Supporting Information (Fig. S2) , indicated that functionalization did not modify the mesoporous structure of the supports.
Dissolution of SBA-15 in batch experiments
The dissolution of SBA-15 was investigated in well-mixed batch solutions containing 1 g/L SBA-15 ( Fig. 2) . At pH values above 7, between 20 and 55 mg/L of dissolved silica (based on SiO 2 ) was 
The predicted concentration of dissolved silica in equilibrium with amorphous SiO 2(s) at pH values between 7 and 9 is between 120 and 140 mg/L [17] . The dissolution of amorphous SiO 2(s) in general, however, is a relatively slow process. Therefore, the rapid dissolution of SBA-15 is attributable to its high surface area and the unique wall and pore structure that provide convex surfaces with small radii of curvature, at which the activity of the amorphous silica exceeds that of the bulk material. The TEM and SEM micrographs (Figs. 3 and S3 , respectively), and XRD pattern (Fig. S4 ) of the material that underwent the dissolution test were similar to those of the original SBA-15.
Dissolution of HMS, MCM-41 and modified mesoporous supports.
The dissolution of HMS and MCM-41, as well as modified materials such as propylthiol-, aminopropyl-, ethyldiaminopropyl-, diethylentriaminopropyl-functionalized SBA-15 (SBA15-PT, SBA15-AP, SBA15-ED and SBA15-DT, respectively), iron oxidecontaining SBA-15 (SBA15-Fe-oxide) and alumina-containing SBA-15 (SBA15-Al-oxide) in pH 7 batch solution was also investigated. In these systems, the amount of dissolved silica released after a period of 4 h ranged from approximately 7 mg/L (in the case of SBA15-Al-oxide) to 133 mg/L (in the case of SBA15-AP) (Fig. 4, top) . The concentration of dissolved silica in the SBA15-AP system exceeded the solubility of silica at pH 7 (i.e., 120 mg/L [17] ), suggesting that the solution was supersaturated with respect to amorphous SiO 2(s) . This phenomenon was also observed in a previous study with MCM-41 [15] .
To gain insights into the relative stability among the mesoporous silica materials, their initial rate of dissolution in the batch experiment was calculated by normalizing the amount of dissolved silica released during the first 30 min against the materials' surface area. Despite the differences in the synthesis method (Table S1 , Supporting Information), SBA-15, HMS and MCM-41 dissolved at comparable rates (i.e., ca. 3 × 10 −3 to 4 × 10 −3 mg m −2 h −1 , contrast, SBA15-PT, SBA15-Fe-oxide, and SBA15-Al-oxide dissolved 3-20 times slower than SBA-15, HMS and MCM-41 (Fig. 4,  bottom) . The most stable material in this study was SBA15-Al-oxide (the initial dissolution rate of 2 × 10 −4 mg m −2 h −1 ). The effect of alumina on the stability of amorphous silica has been widely reported in the literature [18, 30, 31] , although the mechanism through which alumina stabilizes silica remains unclear. The role of the iron oxide and propylthiol functional group on the enhanced stability of the SBA-15 support was also unclear. Regarding the aminoalkyl-functionalized SBA-15, faster dissolution of these materials was probably due to a high localized pH at the silica surface due to the basic nature of the amine groups (the pK a of aliphatic amines is above 10). Consequently, higher local pH values might cause faster dissolution and higher solubility of these materials.
Long-term stability of SBA-15 in column experiment
The long term stability of SBA-15 was further investigated in a column experiment in which a pH 8.5 solution was passed continuously at 0.5 mL/min through SBA-15 packed in a 10 mm diameter column. The concentration of dissolved silica at the column outlet decreased gradually during the first 8.5 h from more than 200 mg/L Fig. 5 . Column experiment containing 250 mg SBA-15. Flow rate = 0.5 mL/min, pH = 8.5, buffered with 12 mM borate. Inset: calculated cumulative amount of dissolved silica. (*) These data point were taken after the SBA-15 bed was compressed at t = 45 h (see Fig. 6 for detailed explanation) . to approximately 90 mg/L then remained at this value for the next 18 h (Fig. 5) . The higher-than-predicted concentration (i.e., 120-140 mg/L [17] ) observed initially was attributable to supersaturation with respect to amorphous SiO 2(s) . Approximately 120 mg of dissolved SiO 2 was recovered in the column effluent, which accounted for more than 45% of the initial mass of SBA-15 in the column (inset of Fig. 5 ). The disappearance of SBA-15 in the column due to dissolution was visually observed after 45 h (Fig. 6 ).
Impact of SBA-15 dissolution on reactivity of Fe-ox (s) in catalyzing H 2 O 2 decomposition
Metal oxide-containing mesoporous silica catalysts have been used for H 2 O 2 -based oxidative water treatment [11] [12] [13] . However, the release of silica may alter the long term stability and reactivity of mesoporous silica-based catalysts, creating unexpected changes in the catalyst surface and hence the catalytic performance. To test this hypothesis, we studied the effect of SBA-15 dissolution on the kinetics of H 2 O 2 decomposition catalyzed by Fe-ox (s) (reactions (3) and (4)) [32] [33] [34] .
This process was selected as a case study because of the popularity of metal oxide-impregnated mesoporous silica/H 2 O 2 systems in water treatment [13] and organic synthesis [35] . Organic solvents are often used in the latter application, but recent efforts to replace organic solvents with water have prompted interest in catalysts that are effective in water [36] .
We studied the decomposition of H 2 O 2 catalyzed by iron oxide in the presence of SBA-15. Although the catalytic activity of the iron oxide in this mixture does not represent that of iron-containing SBA-15 (where iron oxide is chemically deposited on the SBA-15 surface or is a part of the SBA-15 support), this approach allowed us to understand the role of dissolved silica released by SBA-15 unambiguously, which would not have been possible using ironcontaining SBA-15.
In batch experiments, the rate of Fe-ox (s) -catalyzed H 2 O 2 decomposition was unaffected by the presence of SBA-15 at pH 4.2 ± 0.2, but significantly suppressed at pH 7.1 ± 0.1 (Fig. 7) . Because SBA-15 is not redox active and does not cause H 2 O 2 decomposition, this difference was attributed to the dissolution of silica at higher pH, followed by adsorption onto the surface of Fe-ox (s) , occupying iron sites responsible for H 2 O 2 decomposition, thereby diminishing the reactivity of Fe-ox (s) [14] . SBA-15 dissolution was much slower at the lower pH value, and not enough silica was adsorbed on Fe-ox (s) to alter the rate of H 2 O 2 decomposition.
To confirm that the H 2 O 2 decomposition was suppressed by deposition of dissolved silica onto the iron oxide rather than by some unanticipated interaction between SBA-15 and iron oxide, the catalytic decomposition of H 2 O 2 was studied further using column experiments (Fig. 8) . The H 2 O 2 concentration at the outlet of column 1, containing only SBA-15, was unaffected by passage through the column because SBA-15 does not catalyze H 2 O 2 decomposition. More than 97% of the initial H 2 O 2 was decomposed as the solution passed through column 2 (containing only Fe-ox (s) ) and column 4 (in which the solution passed through the Fe-ox (s) before encountering SBA-15) due to reactions (3) and (4). For column 3 (in which the solution passed through SBA-15 before Fe-ox (s) ), the concentration of H 2 O 2 increased gradually during the experiment as would be expected if the activity of the catalyst was decreasing over time.
Comparison of the dissolved silica concentrations leaving columns 1 and 3 indicates that the dissolved silica was adsorbed by Fe-ox (s) , resulting in lower dissolved silica concentrations at the outlet of column 3. This adsorption was confirmed by SEM/EDS analysis of the Fe-ox (s) from column 3 after the test, which showed a Si peak (Fig. 9) . With time, adsorption of dissolved silica lowered the catalytic activity of the Fe-ox (s) and therefore the H 2 O 2 concentration at the outlet gradually increased.
3.6. Dissolution of mesoporous silica supports -a broader implication.
In addition to being used in advanced oxidation processes for water treatment, mesoporous silica-based supports also have Fig. 9 . EDS spectrum of the Fe-ox (s) surface before and after the column experiment. The Fe-ox (s) sample was collected from column 3 at the end of the experiment. The carbon peak is due to the carbon coating needed to prevent charging in the SEM.
been proposed for applications such as adsorption, separation, and sensing [7, 37] . The results of our study, however, raise significant questions about the merits of their application in aqueous media. For example, when mesoporous silica is used to encapsulate enzymes and proteins [38] , a process that is routinely conducted at pH values ranging from 5 to 11, significant dissolution of the substrate would be expected over a time scale of hours to days. Functionalized mesoporous silica also has been proposed as an adsorbent for removing toxic metals, anions, radionuclides and organic contaminants from polluted water. The dissolution of these adsorbents could release not only adsorbed contaminants but also the organic functional compounds, many of which are toxic to aquatic life. In addition, it was observed that adsorption of Cr(VI) [5] and organic contaminants [9] on various functionalized SBA-15 and HMS substrates was a pH dependent process, with lower adsorption affinity at neutral and alkaline pH. The dissolution of adsorbent might explain why adsorption capacity decreased at higher pH. Additional research is needed to evaluate the performance of mesoporous silica materials in these applications.
Conclusion
In summary, we have demonstrated that mesoporous silica materials such as SBA-15, HMS and MCM-41, four types of functionalized SBA-15, and iron and aluminum oxide-containing SBA-15 are unstable in aqueous solution, especially at circumneutral and more basic pH values. The results raise questions about the use of these materials in aqueous-based applications such as adsorption and catalysis, suggesting that these materials may only be suitable under acidic conditions, where silica dissolves slowly. We also showed that silica dissolved from mesoporous silica supports such as SBA-15 may change the reactivity of catalysts. Our experiments have shown that silica-containing iron oxide, produced from adsorption of dissolved silica on Fe-ox (s) , was less active in catalyzing the decomposition of H 2 O 2 than pure iron oxide.
Among the studied materials, the SBA-15 support that was functionalized with propylthiol or contained iron or aluminum oxide was more stable than the bare SBA-15. Although the mechanism through which the propylthiol group and metal oxides enhance the stability of silica is still unclear, our findings suggest that it might be possible to design more stable mesoporous silica based materials. Given the complex nature of functional group/metal center and support interaction, additional research is required to further investigate this issue.
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